The pathogenesis of spinal cord injury (SCI) remains poorly understood and treatment remains 28 limited. Emerging evidence indicates the severity of post-SCI inflammation and an ongoing 29 controversy in the roles of astrocytes with studies identifying astrocytes as associated both with 30 ongoing inflammation and damage as well as potentially having a protective role. We have 31 completed an extensive systematic study with MRI, histopathology, proteomics and ELISA 32 analyses designed to further define the severe protracted and damaging inflammation after SCI in 33 a rat model. We have identified 3 distinct phases of SCI: acute (first 2 days), inflammatory (starting 34 day 3) and resolution (>3 months) in 16 weeks follow up. Actively phagocytizing, CD68 + /CD163 -35 macrophages infiltrate myelin-rich necrotic areas converting them into cavities of injury (COI) 36 when deep in the spinal cord. Alternatively, superficial SCI areas are infiltrated by granulomatous 37 tissue, or arachnoiditis where glial cells are obliterated. In the COI, CD68+/CD163macrophage 38 numbers reach a maximum in the first 4 weeks and then decline. Myelin phagocytosis is present 39 at 16 weeks indicating ongoing inflammatory damage. The COI and arachnoiditis are defined by 40 a wall of progressively hypertrophied astrocytes. MR imaging indicates persistent spinal cord 41 edema that is linked to the severity of inflammation. Microhemorrhages in the spinal cord around 42 the lesion are eliminated, presumably by reactive astrocytes within the first week post-injury.
The spine including the spinal cord was removed, post-fixed in formalin and maintained in 163 formalin in 50 mL plastic Falcon tubes for magnetic resonance imaging (MRI) studies. The serum 164 was separated from coagulated blood samples, by centrifuge 45 min after the collection and stored 165 at -85 o C until assayed. 166 For proteomic and Western blots, the LE rats at 2, 7, 28 and 112 days post-SCI, intact negative 167 controls (total N=20, n=5) and intact LES rats (N=5), were perfused with chilled, 4 o C, lactated 168 Ringer's solution and the entire spinal cord removed promptly and snap frozen on dry ice. The 169 spinal cords were stored at -85 o C until assayed.
170
MR imaging of spines. 171 MR cross section images were taken from intact spines and at 1, 2, 3, 7, 14, 28, 84 and 112 days 172 post balloon crush SCI. Prior to imaging, formalin-fixed spines were placed in a sealed plastic 173 bag to prevent dehydration while allowing the imaging coil to be placed as close to the spine as 174 possible. MRI experiments were performed on a 7 Tesla horizontal bore magnet (BioSpec 70/30, 175 Bruker Biospin, Germany) using a quadrature rat brain receive coil (Bruker Biospin, Germany).
176
T2-weighted RARE images were acquired with TR 3.6s, echo train length of 10, echo spacing of 177 8.6ms, effective TE 43ms, 12 signal averages, in-plane resolution of 0.1x0.1mm 2 , and 1mm slice 178 thickness. In order to cover the entire length of the spine, images were acquired in 3 segments, 179 and the spine was repositioned relative to the receive coil between segments. MR images were 180 analyzed for number of quadrants of cord with evidence of cavitation (0=none vs. 1-4 quadrants), 181 presence or absence of abnormality in a remote portion of cord, number of cord quadrants with 182 evidence of blood product (0=none vs. 1-4 quadrants), number of cord quadrants with loss of 183 grey/white matter contrast (0=none vs 1-4 quadrants), and longitudinal extent of cord 11 184 involvement measured across multiple cord cross sectional images described as length (0mm, 1-185 10mm, 11-20mm, >20mm) . 186 187 Histology. 188 Formalin in the Falcon tubes with spines was replaced by fresh formalin supplemented with 4% 189 EDTA, pH 7.2 and placed on a rotating shaker to achieve decalcification and thus softening of the with blue granules of myelin and/or with red blood cells, were counted and the average for each 204 rat (n=5) in the survival group was averaged and standard deviation calculated.
205
Immunohistochemistry. 12 206 For GFAP immunolabelling, unstained sections were cut, mounted on glass slides and labeled with 207 1:200 dilution rabbit polyclonal antibody against rat glial fibrillary acidic protein (GFAP; 208 Proteintech #16825-1-AP) prepared in 5% BSA/TBST incubated overnight at 4 ˚C. Slides were 209 washed with TBST and labeled with 1:500 dilution HRP-conjugated goat anti-rabbit IgG (Abcam 210 #ab97051) prepared in 5% BSA/TBST and incubated for 1 hour at room temperature in the dark.
211
Slides were washed and staining developed with ImmPACT DAB Peroxidase Substrate (Vector 212 Labs #SK-4105) for 30 seconds. Slides were counterstained with hematoxylin, dehydrated and 213 mounted with #1.5 coverglass using Cytoseal™ XYL (ThermoFisher Scientific). A serially 214 sectioned negative control omitting primary antibody was included in each staining batch.
215
For dual anti-CD68/CD163 labelling, glass-mounted sections were de-waxed, blocked with 2.5% 216 normal horse serum (Vector ImmPress) and 1:100 dilution of mouse anti-rat anti-CD68(ED1) 217 antibody (Abcam) applied for 30 min followed by horse anti-mouse Polymer (rat absorbed) RTU 218 (Vector ImmPress) for 30 min after which the brown color was developed with peroxidase block 219 and Novolink DAB (Leica). A 1:3000 dilution of rabbit anti-CD163 antibody for 15 min and then 220 anti-rabbit Polymer AP (Leica) for 20 min resulting in magenta-red labeling. The dual 221 CD68/CD163-labeled slides were counterstained with hematoxylin and coverslipped.
222
Proteomic analysis of the spinal cord. 223 Determination of cytokines, chemokines and other inflammatory mediators/factors totaling 34, in 224 spinal cord homogenates was carried out using a rat cytokine array, panel C2 (RayBiotech, Inc.).
225
The cell lysis buffer provided with the kit was used to obtain tissue lysates during homogenization 226 of entire spinal cord. After extraction, the samples were centrifuged and supernatant was retained 227 for analysis. The remaining steps of the procedure were performed according to the manufacturer's 228 instructions. Briefly, RayBio Rat Cytokine Antibody Array membranes were blocked at room 13 229 temperature with 2 ml of blocking buffer for 30 min, then covered completely with samples (100 230 μg of spinal cord tissue protein) and incubated overnight at 4°C with gentle rotation. The samples 231 were decanted and washed three times with 2 ml of wash buffer I and then with 2 ml of wash 232 buffer II at room temperature with gentle shaking (5 min per wash). The working solution of 233 primary antibody was prepared by adding 2 ml of blocking buffer to the tube containing 234 biotinylated antibody cocktail. The mixture was added to each membrane, and incubated overnight 235 at 4°C with gentle rotation. After washing, 2 ml of 1000-fold diluted horse radish peroxidase-236 conjugated streptavidin was added to each membrane and incubated at room temperature for 2 237 hours. The samples were washed with wash buffer I and then with wash buffer II. Detection buffer 238 A and B provided in the kit were mixed, pipetted onto the membranes, and incubated for 2 min. at 239 room temperature. Signals were detected directly from the membrane using a chemiluminescence peroxidase-conjugated anti-mouse IgG (1:5000) (Sigma-Aldrich, A2304). The membranes were 253 then washed in PBS-T, the cross-reacted antibodies were detected using a chemiluminescence 254 system (ECL Western Blotting System, Amersham Bioscences) and exposed to Hyperfilm ECL.
255
The films were scanned and quantified using Image Quant TL v2005.
256
ELISA of the serum. 257 The ELISA kits for GFAP, myelin basic protein (MBP), and light chain of neurofilament (NF-L) 258 (MyBioSource) were used to measure the levels of these proteins in the serum samples from the 259 SCI rats according to the supplier. The selected markers represent the myelin (MBP), astrocytes 260 (GFAP) and axons (NF-L) damaged by the trauma and then by the destructive inflammation as 261 indicated by histologic analysis.
262
Statistical analyses. 263 Statistics for MRI, cell counts and proteomics were calculated by ordinary One-Way ANOVA 
RESULTS.

268
T2 Magnetic resonance imagining (T2-MRI) after SCI 269
A longitudinal analysis of MR images from rat spinal cord after SCI demonstrates significant 270 changes in local damage, hemorrhage and inflammation after SCI ( Fig. 1 ). COI formation begins 271 by day 7 and continues to increase in size (day 14, P<0.01: day 28, P<0.05) stabilizing at days 84 272 (P<0.0001) to 112 (P<0.01) ( Fig. 1A) . Areas of hemorrhage proximal to the site of the crush injury, and separated from it by undamaged spinal cord, are observed within the first 2 weeks post-SCI 274 (days 1, 2, 7, P<0.01) ( Figure 1B ). Remote areas of hemorrhage have previously been observed 275 and are considered related to increased vascular fragility and unrestricted movements of the rats 276 ( Fig 1B) [12] . Hemorrhagic areas at the site of SCI are seen early and then are reduced (P < 0.05 277 to 0.001 for days 1-112) (Fig. 1C ). Loss or reduction in gray and white matter (G/W) border 278 differentiation is representative of inflammation and edema [4] and is detected early, also 279 persisting to day 112, (Fig. 1D, P<0 .001). Overall extent of cord damage, caudal to distal, is seen 280 in the first 14 days and continues up to day 84 post SCI ( Fig 1E) . MR images are representative at 281 sites of SCI at individual follow up times in Fig. 1F , illustrating COI and hemorrhagic areas. In the rat SCI the acute phase lasts for 2 days and is characterized by hemorrhage and necrosis 320 ( Fig. 2a .A1-A4). These areas are poorly defined on T2-weighted MRI. Increased intensity is 321 believed due to reduced anisotropy when compared to intact areas of white matter ( Fig. 2a .A1) or Luxol fast blue counterstained with hematoxylin and eosin (LFB+H&E); A1, A2, B1, B2, C1, C2.
359
Dual immunohistochemical stain with antibodies against CD68 (brown) and against CD163 360 (magenta); A3, B3, C3. Anti-GFAP antibody stain; A4, B4, C4.
361
Size bars: A1, B1, C1 -1,000 microns, A2-A4, B2-B4, C2-C4 -50 microns. macrophages are rare and scattered by 12-16 weeks post-SCI ( Fig. 3a.C3 ). Ultimately, 378 arachnoiditis becomes a scar tissue that is devoid of astrocytes ( Fig. 3a.A4, B4, C4 ), but 379 consistently increasing numbers of GFAP + , remarkably enlarged astrocytes in the adjacent spinal 20 380 cord ( Fig. 3a.A3, B3, C3) indicate a progressive astrogliosis, as a barrier against the severity of 381 granulomatous inflammation.
382
At 3-4 months post-SCI the numbers of macrophages in the COI decline to a plateau (Fig. 2b) .
383
These macrophages still contain granules of myelin ( Fig. 2a.E3 ) and they are CD68 + /CD163 - (Fig.   384 2a.E4), pro-inflammatory, M1 type. However, their low number and persistence in isolated small 385 pockets also suggest a declining inflammation probably due to an anti-inflammatory activity of 386 the spinal cord that is water-soluble with its potency gradually increasing as the numbers of 387 macrophages decline. Arachnoiditis changed morphologically from an inflammatory 388 granulomatous tissue rich in infiltrating CD68 + /CD163macrophages into a mature scar with few 389 scattered CD68 + and CD163 + macrophages (Fig. 3a .A1-A3, B1-B3, C1-C3).
390
Astrogliosis post-SCI. 391 Astrocytic reaction in areas of SCI is associated with hypertrophy of GFAP + cellular processes and 392 their re-alignment in the spinal cord initially surrounding the area of necrosis and later the COI 393 ( Fig. 4.A) . At 2-4 weeks astrocytic processes form a discontinuous and at 8-16 weeks post-SCI a 394 continuous thick membrane facing the liquid content of the COI which coincides with the increase 395 in numbers of hypertrophic astrocytes in the belt approximately 100-200 microns thick, in the 396 surrounding spinal cord (Fig. 4.A) . In a similar anisomorphic reaction, astrocytic hypertrophy and 397 hyperplasia develop gradually from 1-16 weeks post-SCI in the spinal cord facing arachnoiditis 398 ( Fig. 3a.A4, B4, C4 ). A. Anti-GFAP antibody labeling of intact LE rat (1,2), intact LES rat (3,4) and post-SCI rat spinal 402 cord at 2 (5,6), 7 (7,8), 28 (9,10) and 112 days (11, 12) . Arrowheads indicate the areas of injury 403 that are GFAP -, asterix indicates a COI, ® indicates an area of arachnoiditis. Yellow lettering in 404 (4) indicates gray matter (GM) and white matter (WM).
405
Size bars; 1,000 microns -1, 3, 5, 7, 9, 11; 50 microns -2, 4, 6, 8, 10, 12. 406 B. Western blot of GFAP in the spinal cord.
407
The Western blots from the protein extracted from the spinal cord of intact LE-cont. rats, intact 408 LES rats and of injured rats at 2, 7, 28 and 112 days post-SCI are shown on the left and the 409 densimetry results expressed as the percent of the negative control or intact LE-control rat. ongoing and progressive astrogliosis ( Fig. 3a.A, Fig. 4.A4,B4,C4,) .
480
Biomarkers of the SCI in the serum. 481 Changes in levels of 3 biomarkers; GFAP, MBP and NF-L in the serum samples collected along 482 the duration of the study (Fig. 7) were not consistent with the histologic evidence of tissue 483 destruction, with presence of myelin-laden CD68 + macrophages ( Fig. 2a ) and elevated pro-484 inflammatory cytokines and other factors (Fig. 6) . 
DISCUSSION
. 490 In this systematic study on the progression of SCI in the rat model we determined that a localized 491 neurotrauma initiates two types of severe, destructive inflammatory response; the cavity of injury 492 (COI) that progresses to a syrinx deep in the spinal cord and arachnoiditis at the surface that 493 becomes a scar. The duration of both types of inflammatory response is extraordinarily long and 494 is characterized by severe infiltration by phagocytizing CD68 + /CD163 -, M1 macrophages that 495 continue to destroy myelin around the COI beyond week 16 post-SCI. Spinal cord reaction to 496 severe inflammation is represented by progressively severe astrogliosis walling off the COI and 497 arachnoiditis (Fig. 8) . The anti-inflammatory activity deduced from the systematic histology of the 498 sites of SCI involves; (1) the spinal cord-sparing enclosure of inflammation within the COI with 499 concurrent sequestration of the fluid in the COI and astroglial reaction, (2) the gradual reduction 500 of numbers of macrophages in the COI after week 4 post-SCI ( Fig. 2a ). Since arachnoiditis 501 progresses from a granulomatous infiltration to a mature scar and does not contain astrocytes or 502 other glial cells, we identify this as a distinct pathology different from the commonly described Analysis of T2 MR images indicates reduction of G/W border around the COI implying persistent 520 vasogenic edema related to protracted inflammation, a pathologic mechanism with potential 521 importance in the traumatic brain injury and stroke not previously considered. The severity of 522 inflammation initiated after SCI is of a higher intensity and longer duration than is observed in 523 trauma in an extra-neural soft tissue. This is related to the large quantity of damaged myelin, a 524 potently immunogenic, pro-inflammatory material in the white matter injury in models of 525 neurotrauma [38, 39] and of multiple sclerosis [40] and to a potential mechanism of a vicious cycle 526 sustaining severe inflammation. A large amount of damaged myelin is associated with the 527 initiation of chemotaxis of numerous macrophages into the necrotic site starting at day 3 post-SCI.
528
In parallel with myelin-phagocytizing, activated macrophages high levels of pro-inflammatory 27 529 factors were released in the spinal cord including pro-inflammatory cytokines; IFN-gamma, TNF-530 alpha, IL1-beta, IL-6 Fig. 6), chemokines (CC and CXC), and reactive oxygen species [1] . The 531 additional supply of damaged myelin likely sustained further macrophage chemotaxis [38, 41] .
532
Given the mechanism proposed here for the vicious cycle of damage and inflammation, the monocyte progenitors of the bone marrow (Fig. 3b ) are also suggestive that activity inhibiting the 549 inflammation in the COI, does not involve increased levels of M2 type macrophages.
550
Although the process of expansion of the COI and of arachnoiditis with the concurrent destruction 551 of the adjacent spinal cord is not analyzed directly in this study it is implied ( Fig. 1A; 2a ) from the 28 552 continuous presence of CD68 + /CD163pro-inflammatory macrophages containing myelin 553 granules beyond 16 weeks post-SCI. Progressive expansion of the volume of the COI following 554 SCI has been previously indicated [34, 44] . It appears that an anti-inflammatory/neuroprotective 555 therapy for SCI should involve reducing the numbers of macrophages during the inflammatory 556 phase to inhibit myelin damage (Fig. 2b) [24] .
557
Astrogliosis is a hallmark of an integrated tissue reaction that results in the containment of a severe 558 inflammation initiated by the SCI, its inhibition and ultimately elimination (Fig. 4) and removal of tissue edema [33, 48] .
579
The ependymal reaction to injury and inflammation post-SCI involves proliferation, migration and 580 transient differentiation into astrocytic lineage (Fig. 5b) . The mechanisms behind the plasticity of in neurotrauma. Elevation of fractalkine in astrocytes resulted in increased expression of CX3CR1 599 in co-cultured microglia resulted in an anti-inflammatory effect [54] suggesting that elevated 600 fractalkine may correlate with astrogliosis. Elevated IL-13, IL-4 and IL-10 have been shown to 601 induce polarization of macrophage infiltration in the SCI to the M2 type considered anti-602 inflammatory and neuroprotective [55] . Relatively low levels of these 3 cytokines with elevation 603 of pro-inflammatory cytokines including IL-1beta, IFN-gamma and IL-6 with consistent 604 predominance of CD68 + /CD163macrophages that actively phagocytized myelin in the COI 605 support the notion of the lack of polarization of M1 to M2 macrophages during the Inflammatory 606 Phase and beyond 4 months post-SCI. Therefore, the inhibition and elimination of inflammation 607 during the Resolution Phase may be related to a novel mechanism involving a spinal cord anti-608 inflammatory activity, specifically to astrogliosis.
